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Electric coupling between subcells of a monolithically grown multijunction solar cell in short circuit allows
their simultaneous and independent characterization by means of photo- and electroreflectance. The pho-
tovoltage generated by selective absorption of the pump beam in a given subcell during photoreflectance
measurements results in reverse biasing the complementary subunits at the modulation frequency set on the
pump illumination. Such voltage bias modulation acts then as external perturbation on the complementary
subcells. The spectral separation of the different subcell absorption ranges permits the probe beam to record
in a single spectrum the response of the complete device as a combination of photo- and electroreflectance,
thereby providing access for diagnosis of subcells on an individual basis. This form of modulation spectroscopy
is demonstrated on a GaInP/GaAs tandem solar cell.
Photoreflectance (PR) belongs to the family of mod-
ulation spectroscopies1,2, in which tiny changes in the
dielectric constant of the material under study are in-
duced periodically by external means, e.g., an electric
field, temperature gradient or mechanical strain. As the
optical linear response of the medium is governed by its
dielectric constant, changes in the latter induce changes
in its reflectance and transmittance, which can be de-
tected using phase-sensitive amplifiers locked to the fre-
quency of the external perturbation. PR is a particular
form of contactless electro-reflectance (ER)3,4, in which
built-in electric fields, associated to space-charge regions
at junctions and surfaces of the sample, are perturbed pe-
riodically by means of a chopped pump-light beam. Sig-
natures in modulation spectroscopy appear at energies
corresponding to critical points in the electronic struc-
ture of the sample. Modulation spectroscopy, contrar-
ily to the case of luminescence, is considered a form of
absorption-spectroscopy, as it can probe unoccupied elec-
tronic states of the samples under test. Since its proposal4
modulation spectroscopy has been extensively used in the
characterization of semiconductor materials and devices,
including bare material5, homo- and heterojunctions6,
and different sorts of nanostructures7. The application
of PR to monolithically integrated optoelectronic de-
vices, like multijunction solar cells, has been demon-
strated before8,9. The main difficulty in the characteri-
zation of such two-terminal devices is the independent
optoelectronic diagnosis of each of the series-connected
subcells forming the device. The development of spectro-
scopic techniques capable of complementing convention-
ally used ones, like quantum efficiency (QE) or photolu-
minescence (PL), is therefore of great interest. With this
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aim, we have explored the possibility of extending the
capabilities of PR when applied to multijunction solar
cells (MJSC) under different bias conditions. In particu-
lar, we will show how to activate selectively the response
of individual subelements of a monolithically integrated
device when acting on a different subelement with the
pump-light beam. In this manner it is possible to circum-
vent limitations on the information depth attainable from
conventional PR, related to the optical absorption depth
in the material of the modulating pump beam and the
diffusion length of thereby photogenerated minority car-
riers. In previous studies luminescent coupling between
subelements in a monolithic device was identified as an
effective mechanism for transmitting the modulating per-
turbation to otherwise inaccessible parts of the sample8.
Here we propose yet a different method for the trans-
mission of the modulation based on the electric coupling
between subelements, thus not restricted by the internal
quantum yield of radiative recombination process in the
pump-beam-absorbing material.
A piece of lattice matched, metalorganic vapor-phase
epitaxy (MOVPE)-grown GaInP/GaAs double-junction
solar cell has been used in this study, with the layer
structure indicated in Fig. 1. The sample did have nei-
ther AR-coating nor front metal grid. It was provided
instead with a Ni-pad sideways of the front active area
and mounted onto a Cu-disk with In in order to enable
electric contacts. The external QE of the device revealed
a good current matching between top- (TC) and bottom
cells (BC) at around 10 mA/cm2. The estimated conver-
sion efficiency of the device is about 25% under one-sun
AM1.5D illumination. Room-temperature PR measure-
ments were performed using the 325 nm line of a HeCd
laser (Oriel, 15 mW) and the 814 nm line of a of variable
intensity solid-state laser (µLS) as pump beams, chopped
at 777 Hz. For the probe beam, the light of a 250 W QTH-
lamp was dispersed with a 1/8 monochromator (Oriel).
Direct reflectance of the probe beam, containing aver-
age (dc) and modulated (ac) components, were detected
with a Si-photodiode connected to a preamp (Keithley)
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2FIG. 1. Layer structure of the MOVPE-grown GaInP/GaAs
double-junction solar cell structure under study, with layer
role (BSF stands for back-surface-field layer), nominal thick-
ness and fundamental bandgap values (ind. reads indirect)
and a lock-in amplifier (Stanford). The PR signal is de-
fined as the spectral ac/dc ratio. Supporting numerical
calculations were run on TCAD device simulator Atlas
(Silvaco), using finite elements to self-consistently solve
drift-diffusion and Poisson differential equations, non-
local models for tunnel junctions and generalized ma-
trix methods for photogeneration, as described before10.
Fermi-Dirac statistics were used and both radiative and
nonradiative recombination processes considered.
Previous PR experiments on identical samples with 325
nm (3.8 eV) pump beam had revealed signatures from
both the GaInP-TC and the GaAs-BC8. The nature of
the modulation mechanism of the BC and the appearance
of related signatures in PR spectra is not straightforward.
Considering layer thicknesses and absorption coefficients,
full absorption of the 325 nm pump beam is expected
at the TC (870 nm, αGaInP = 7.9 × 105cm−1) and its
AlInP-window layer (25 nm, αAlInP = 6.7 × 105cm−1)
under normal incidence, according to numerical calcula-
tions. No modulation and, consequently, no related PR-
signatures were thus expected from the BC, provided no
significant shunt bypasses the tunnel junction connect-
ing both subcells. We have previously identified lumi-
nescent coupling (LC)11 as the modulation mechanism
responsible of PR signatures of low gap sub-cells under
TC-excitation and proposed a method to quantify the
LC-impact in form of a measurable photovoltage8. Un-
der LC, radiative recombination events occurring at the
TC, following photo-excitation with the pump light, gen-
erate subsidiary photons that can be re-absorbed at the
BC, thereby generating additional photocurrent and ef-
fectively transmitting the pump-induced photoexcitation
into deeper layers within the structure, beyond the pen-
etration depth of the pump beam itself. In this manner,
the effect of the modulation is not necessarily limited by
the diffusion length of minority carriers created in the
volume of pump light absorption12,13. Furthermore, LC
permits the transmission of the modulation over potential
barriers for diffusive transport, like tunnel junctions in
the case of MJSC in open-circuit conditions. Our results
revealed a direct correlation between the observed LC-
induced photovoltage recorded during PR measurements,
and the onset of PR signatures from the BC. BC-related
PR-signatures are thus unambiguously associated to LC-
induced PR, with the TC acting as subsidiary pump exci-
tation source. The magnitude of LC can be controlled by
means of a neutral density filter (NDF) attenuating the
pump beam intensity exciting the TC. In this manner, we
can selectively activate/deactivate the appearance of BC-
related PR-signatures above/below the background noise
level. The top spectrum of Fig. 2a shows the recorded
PR signal obtained in open circuit conditions using a
NDF at sufficiently low pump-intensity as to keep the
BC PR-silent, while signatures related to the GaInP-TC
bandgap at 1.85 eV and related Franz-Keldysh oscilla-
tions (FKOs) are readily visible. We have performed ad-
ditional PR measurements using the 814 nm (1.52 eV)
pump beam. As the pump-photon energy is now lower
than the bandgaps of all layers forming the TC, the 814
nm pump beam is largely transmitted through and ab-
sorbed at the BC (absorption at the thin tunnel junction
is neglected). Fig. 2b (top panel) shows the spectrum ob-
tained in open circuit conditions with 814 nm pump, di-
vided in two ranges: the high energy range (dotted) was
obtained placing a short-pass (SP) filter in front of the
detector, cutting off photons of wavelengths beyond 750
nm and thereby impeding the entrance of laser scatter-
ing in the detector; the low energy range (solid line) was
obtained without pass filter. It is worth recalling that the
pump-photon energy does not in principle set any fun-
damental upper limit for detection in PR, provided the
pump is capable of generating photovoltage in the sample
as result of interband transitions14: the pump-induced
photovoltage affects the entire electronic structure as re-
sult of band bending, including unoccupied states not di-
rectly reached by pump photons that can still be probed
at the corresponding energy above Epump. It can be ob-
served that the top PR-spectrum in Fig. 2b contains sig-
natures showing up at energies higher than that of the
pump beam (whose spectral distribution is shown in the
graph for reference): the fading tail of Franz-Keldysh os-
cillations (FKOs) associated to the 1.42 eV critical point
of the GaAs-BC and a signature at 1.82 eV (some 30
meV below the gap GaInP-TC obtained with 325 nm
pump), which was buried in the background of filter-free
measurements. The origin of the 1.82 eV signature is at-
tributed to the modulation of the interface between the
BC GaAs-base and its AlGaAs-BSF, as discussed later.
The lower panels in Figs. 2a and b show PR spectra
obtained in short-circuit conditions under 325 and 814
nm pump illumination, respectively. Comparing short-
and open-circuit cases, we can observe that signatures
from the subcell at which the pump-beam-induced pho-
tovoltage is generated (the TC for 325 nm pump and the
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FIG. 2. (a) Comparison of PR spectra obtained in open- (top) and short-circuit conditions (bottom) under 325 nm pump
using a neutral density filter, such that modulation of BC due to luminescence coupling lies below the background level in
open-circuit. In short circuit electric coupling enables ER-modulation in the BC. (b) The same comparison under 814 nm
pump. Open symbols identify the spectral range measured with a SP-filter at the detector; the thin solid line represents the
spectral distribution of the 814 nm source, in arbitrary units. Spectra are offset in both plots for clarity.
BC for 814 nm pump) remain largely unaltered. On the
other hand, significant changes are observed in the energy
ranges of the complementary subcell, as result of the elec-
tric coupling in short-circuit conditions. In the case of 814
nm pump, the photovoltage generated by pump illumi-
nation at the BC (≈ 440 mV according to photovoltage
measurements not shown) must be cancelled out in short
circuit by reverse biasing the TC in the same magnitude
right at the modulating frequency of the pump laser. As
a consequence, the TC is electro-modulated upon the ac-
tion of photo-modulation of the BC. The effect is re-
vealed by the presence of the GaInP-TC signature at
1.85 eV and the associated FKOs, which appear super-
imposed to the BC-BSF signature at 1.82 eV observed
in open-circuit. The same occurs when illuminating the
device in short circuit with 325 nm pump: the TC de-
velops ≈ 145 mV forward bias as a result of photogener-
ation when the laser is attenuated with NDF (1160 mV
without NDF), reverse biasing the BC accordingly at the
same frequency. The probe beam thus records the effects
of both modulation mechanisms acting on different sub-
cells, in the form of a composed electro-photoreflectance
spectrum. Furthermore, the results of Fig. 2 demonstrate
that the mechanism of electroreflectance enabled by elec-
tric coupling operates reversibly between top and bottom
subcells when selectively exciting one of them with the
corresponding pump beam. Such combined modulation
mechanism thus permits to probe different subcells in-
dependently in any kind of monolithic multijunction de-
vice. The relevance of the proposed method in the field
of optoelectronic characterization of monolithically inte-
grated devices can be inferred from the above results.
Electric coupling of subelements under short-circuit con-
ditions permits the activation of the response from indi-
vidual subelements not affected by the perturbing agent
and therefore expected to be PR-silent. Electric cou-
pling thus enables the transmission of the modulating
perturbation to other subelements beyond the limits im-
posed by (i) the absorption depth of the pump light, (ii)
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FIG. 3. PR spectra in the energy range of the TC under
325 nm in open circuit (top); under 814 nm pump in short
circuit (middle); and under 814 nm pump in open circuit,
after chemical removal of TC and tunnel junction (bottom).
Shaded areas highlight signatures of the GaInP-TC at 1.85
eV (dark) and the AlGaAs-BSF at 1.82 eV (light).
the quantum yield of radiative recombination eventually
activating luminescent coupling, and (iii) the diffusion
length of minority carriers photogenerated by the pump
beam. It should be noticed that the application of ER to
the complete monolithic device by means of external bias
modulation as an alternative method does not permit the
individual response activation of silent subelements as il-
lustrated in Fig. 2, as the modulating periodic voltage
bias applied to the contacts will affect all subelements
and space-charge regions present in the device.
We turn now back to the origin of the 1.82 eV sig-
nature. Fig. 3 shows PR-measurements carried out on a
twin sample over the energy range of the TC with 325
nm pump in open circuit conditions (top panel), together
with two additional spectra recorded under 814 nm laser
pump: with the device in short circuit before chemically
etching the TC and the tunnel junction by HCl dipping
(medium panel); and in open circuit after the TC and
4tunnel junction had been etched away (bottom panel).
No NDF-filter was used for the spectrum obtained with
325 nm pump in order to permit BC modulation by LC
and the eventual appearance of BC-related signatures in
the probed range. As it can be observed, measurements
recorded under 325 nm pump in open circuit (top) and
under 814 nm pump in short-circuit (medium) are nearly
identical, indicating that the same critical points and re-
lated FKOs are probed on a similar basis. The spectrum
is clearly modified after etching the TC away, as shown in
the bottom panel: the narrow signature peaking at 1.85
eV is eliminated and both the intensity and period of
associated FKOs are modified. As TC removal does not
result in a featureless spectrum, it is therefore concluded
that the PR spectra of complete, non-etched samples,
contain signatures of at least two overlapping contribu-
tions in the same energy range, namely: (i) a narrow
signature at 1.85 eV, unambiguously attributed to the
TC, with enhanced FKOs; and (ii) a broader signature at
1.82 eV, together with FKOs of minor amplitude, whose
origin must be attributed to the BC.
The interpretation of these results is further supported
by the analysis of FKOs of etched and non-etched sam-
ples under different illumination and externally applied
voltage bias, over the ranges of the respective subcells.
The FKOs period is a direct measure of the built-in field
intensity in the probed space-charge region15–20. We re-
call that FKOs in PR spectra at energies above a critical
point can be described by15:
∆R
R
∝ cos
{
4
3
(E − E0)3/2
~θ
+ ϕ
}
, (1)
where (~θ)3 = e2~2F 2/(2µ) is the electro-optic energy,
ϕ is a phase factor related with the dimensionality of
the critical point E0, F is the intensity of the electric
field, and µ is the reduced interband effective mass in the
direction of the field. Two forms of FKO period analysis
are usually employed: the analytical method relies on the
fact that the oscillation extrema of FKOs stemming from
a single field source satisfy:
npi =
4
3
(En − E0)3/2
~θ
+ ϕ, (2)
where n is the integer index of the extrema and En the
energy of the nth extremum, and the extrema are there-
fore directly proportional to (E − E0)3/2 with a slope
inversely proportional to the magnitude of the field15.
The second method is based on the Fourier analysis of
the oscillating spectrum and allows the identification of
multiple contributions to the FKOs in the form of dis-
tributed quasi-frequencies20. Fig. 4 shows results of both
types of analysis, as recorded from a complete sample
under 325 nm pump and -6 V reverse bias. Figs. 4a
and b refer to FKOs recorded in the range of the BC
and show the distribution of Fourier coefficients as a
function of quasi-frequency and the linear regression ob-
tained from the analytical method, respectively. As it
can be observed, a single frequency contribution dom-
inates the Fourier spectrum, in accordance with a sin-
gle source of electric field located at the BC-junction.
On the other hand, Figs. 4c and d, corresponding to the
energy range of the TC, reveal a distribution of frequen-
cies in the Fourier spectrum and a non-linear dependency
of (E − E0)3/2 vs. index relation, unambiguously indi-
cating concurrent field sources, attributed to GaInP-TC
and AlGaAs-BSF. The linearity predicted by the ana-
lytical method is recovered from the remaining FKOs
after removing the TC and tunnel junction, as shown
in Fig. 4e. The origin of the single contribution to the
field is consequently attributed to the AlGaAs-BSF at the
rear side of the BC, as pointed out previously. The cal-
culated field intensity at the GaAs/AlGaAs junction in
open-circuit conditions is 128 kV/cm, in excellent agree-
ment with numerical calculations. The individual subcell
study is completed with the calculation of the electric
field intensities present at the TC pn-junction and BC-
BSF interface as a function of external voltage bias. From
the distinct evolution under external reverse bias of the
two main contributions to the quasi-frequency spectrum
of Fourier-transformed FKOs, both fields can be quan-
tified. Results obtained from PR spectra under 814 nm
pump in short-circuit are shown in Fig. 4f. We empha-
size that both contributions are simultaneously accessible
over the energy range probed thanks to the electric cou-
pling between subcells, as otherwise the TC would remain
PR-silent. The expected square-root dependency of field
intensity with voltage of the TC-junction and the concur-
rent invariance of the weak BC-BSF junction are read-
ily visible. Solid lines represent numerical calculations of
the corresponding field intensities at given voltages. De-
viations from theoretical values can be accounted for as
(i) the applied bias does not drop exclusively at the TC
space-charge region but is rather distributed over con-
tacts and junctions of the entire device, and (ii) other
type of non-idealities, like resistive losses associated to
current flow in short-circuit or charging/discharging of
interface defects at heterojunctions have not been con-
sidered. Nevertheless, the method hereby proposed per-
mits to interrogate on such nonidealities in monolithi-
cally integrated optoelectronic devices. Such studies are
underway. It should be pointed out that the nature of the
modulation at the BSF and the TC in complete devices
is different and depends on the wavelength of the pump
and the electric coupling of the device. For the case of
325 nm pump in open circuit, the TC is directly modu-
lated by photogenerated carriers, whereas all BC-related
features, included its BSF, are activated via LC. For 814
nm pump illumination, TC related signatures show up
with the device in short circuit in the form of an ER
spectrum, whereas BSF modulation with sub-bandgap
pump light is enabled across the heterojuntion interface.
This type of heterojunction-mediated sub-bandgap mod-
ulation has been reported before, e.g., by Lee et al.21.
5- 6 - 4 - 2 0 2
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
  T C  ( e x )
  T C  ( c a l )
  B C - B S F  ( e x )
  B C - B S F  ( c a l )
 
 E x t .  b i a s  v o l t a g e  ( V )
 
 
|E|
 (kV
/cm
)
8 1 4  n m  p u m p( f )
0 3 6 90 . 0
0 . 1
0 3 60 . 0 0
0 . 0 5
1 2 3 40 . 0 0
0 . 0 4
0 2 00
1 3 ( e )( b ) ( c ) ( d )( a ) F K O s - B C
V E X T  =  - 6 V
 
 
Fou
rier
-coe
f. m
agn
itud
e (x
10-4
)
q - f r e q 2 / 3 ( e V - 1 )
F K O s - B C
V E X T  =  - 6 V
(4/3
pi
) (E-
E 0)3
/2
 I n d e x  o f  e x t r .
| E |  
=  1 4
1  k V
/ c m  
 
(4/3
pi
) (E-
E 0)3
/2
0 2 00
1 3
F K O s - T C
V E X T =  - 6 V
 
 
Fou
rier
-coe
f. m
agn
itud
e (x
10-4
)
q - f r e q 2 / 3 ( e V - 1 )
 
F K O s - T C
V E X T  =- 6 V
 I n d e x  o f  e x t r .
| E |  
=  1 2
8  k V
/ c m
F K O s - T CE T C H E DO p e nc i r c u i tA l G a A s
 I n d e x  o f  e x t r .
 
 
(4/3
pi
) (E-
E 0)3
/2
FIG. 4. FKO-analysis of BC and TC energy ranges of PR spectra obtained under 325 nm pump under different applied voltage
bias; (a) & (c) Fast-Fourier Transform analysis of FKOs of BC and TC, respectively, representing coefficient magnitudes as
a function of quasi-frequencies; in (a) a single dominant frequency is observed, attributed to BC pn-junction, whereas in
(c) distributed frequencies contribute in the TC and BC-BSF energy range. (b) & (d): plots of (E − E0)3/2 vs index of
oscillation extrema of FKOs of BC and TC energy ranges, respectively; (b) includes a linear regression and maximum electric
field estimation of 141 kV/cm for the BC-junction; (d) reveals a non-linear dependency resulting from concurrent fields. (e)
(E − E0)3/2 vs index of oscillation extrema and linear regression obtained after TC and tunnel junction removal. The estimated
field intensity at GaAs/AlGaAs is 128 kV/cm. (a-d) measured under -6 V external reverse bias; (e) measured in open circuit.
(f) Experimental and calculated field intensity as a function of external voltage bias at TC-pn- and BC-BSF-junctions under
814 nm pump in short-circuit.
Finally, it is worth commenting that the attribution of
the PR-signature at 1.82 eV to the AlGaAs-BSF does
imply a deviation in the actual composition of the BSF
layer, from the nominal 40% Al-content (atomic, corre-
sponding to a bandgap of 1.95 eV) to a lower Al-content
of 31.3% (1.82 eV bandgap), thereby underlying the po-
tential of PR as a diagnostics tool in the non-destructive
characterization of buried layers.
In summary, it has been shown that electric coupling
between subcells of monolithically grown devices in short
circuit conditions allows their simultaneous and indepen-
dent characterization in the form of combined photo- and
electroreflectance spectra. Alternatively, LC enables full
device modulation in the form of pure photoreflectance
spectra. The combination of such forms of modulation
spectroscopy may be of interest for the characterization
of composed optoelectronic devices and particularly in
the field of MJSC diagnosis.
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